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ABSTRACT 
The Podospora anserina premature  death syndrome was described as early growth arrest caused by a 

site-specific deletion of the mitochondrial genome (mtDNA) and  occurring  in strains displaying the 
genotype ASl-4 mat-. The ASI-4 mutation lies in  a gene  encoding a cytosolic ribosomal protein, while 
mat-  is one of the two forms (mat- and mat+) of the mating-type locus. Here we show that,  depending 
on  culture conditions, death  due to the accumulation of the  deleted mtDNA molecule can occur  in the 
ASl-4 mat+ context  and can  be delayed in the AS1-4 mat- background. Furthermore, we show that 
premature  death  and  the classical senescence process are mutually exclusive. Several approaches permit 
the identification of the mat-linked gene involved in  the  appearance of premature  death. This gene, 
mp, exhibits two natural alleles, rmp- linked to mat- and m p +  linked to mat+. The first is probably 
functional while the second  probably  carries  a  nonsense  mutation and is sporadically expressed through 
natural  suppression.  A  model is proposed  that emphasizes the roles played by the ASI-4 mutation,  the 
mp gene,  and environmental  conditions  in the accumulation of the deleted  mitochondrial genome 
characteristic of this syndrome. 

D ELETIONS  of the mitochondrial genome (mtDNA) 
can occur spontaneously in most, if not all,  eucary- 

otes. Such a case  is  well-known in the yeast Saccharomyces 
cereuisiae where the rho- mutants were demonstrated for 
the first  time more than 40 years ago (EPHRUSSI 1953; 
FAYE et al. 1973). These deletions have been more re- 
cently documented in higher eucaryotes,  especially hu- 
mans (see POULTON 1992; WALLACE 1992; SHAPIRA 1993 
for reviews). Obligate aerobes can carry deleted mito- 
chondrial genomes (AmtDNAs)  only in a heteroplasmic 
state in which a threshold level  of  wild-type  mtDNA en- 
sures cell  survival. In humans, a number of sporadic dis- 
eases  have been described for which the causative agent 
is a AmtDNA that has  competitively  minimized the wild- 
type genome in the affected  tissues.  Such  diseases are 
currently explained by a spontaneous deletion occurring 
in early development, followed by clonal expansion of 
the deleted molecule. They are  not linked to any  obvious 
family  history and, although the deleted molecule can 
vary between patients, each harbors a single  species of 
AmtDNA (see reviews cited above). These deleted mole- 
cules  have been  found at very  low  levels (obselvable only 
by PCR) during normal aging (see WALLACE  1992 for a 
review). One class  of these  AmtDNAs  has  also been 
found in human oocytes (CHEN et al. 1995). These data 
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raise a fundamental and unresolved problem. Do condi- 
tions, either environmental or  due to  somatic mutations, 
exist that can increase the rate of  mtDNA deletions and/ 
or result in the deleted molecules populating some tissues 
at the expense of the wild-type genome? These questions 
are difficult  to address in humans, although some nuclear 
genes are clearly  involved in some diseases linked to 
mtDNA deletions (see WALLACE 1992; POULTON 1992; 
SCHAPIRA 1993 for reviews).  However, the roles of these 
genes in the appearance and transmission of deleted 
mtDNAs remain unknown. 

One  approach to the problems of  mtDNA  stability 
and mtDNA transmission during mitotic divisions ad- 
dresses the questions in lower eucaryotes, more  amena- 
ble than metazoa to classical and molecular genetics. 
In S. cereuisiae, a number of genes have been identified 
that  either increase the  rate of the rho- mutations or 
control  the relative transmission of the  deleted and 
wild-type molecules in  heteroplasmons  (see DISCUSSION 
for  references). However,  while  yeasts are powerful 
model systems, they exhibit intrinsic weaknesses  with 
respect to our purpose: they are facultative aerobes and 
they are unicellular. Filamentous fungi are  alternate 
and complementary models since they are obligate aer- 
obes on  the borderline between unicellular and multi- 
cellular organisms. Mitochondrial DNA rearrange- 
ments  leading  to cell death  (senescence)  are well 
documented  in a few  of these fungi (GRIFFITHS 1992, 
for a review). However, to our knowledge, only two 
cases  of nuclearly controlled AmtDNA accumulation 
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have  been  reported:  natural death in  Neurospora crassa 
(SEIDEL-ROGOL et al. 1989; BERTRAND et al. 1993) a n d  
premature  death  in Podospora anserina (BELCOUR et al. 
1991; DEQUARD-CHABLAT and SELLEM 1994; SELLEM et 
al. 1993). 

Premature  death was described as a growth  arrest 
that  occurs very early  after  ascospore  germination.  It is 
probably d u e  to accumulation  of a single  class  of  de- 
leted  mtDNA  molecules,  under  the  control  of two nu- 
clear  genes.  One is a mutant  allele (ASI-4)  of a gene 
encoding a cytosolic  ribosomal  protein (DEQUARD- 
CHABLAT et al. 1986; DEQUARD-CHABLAT and SELLEM 
1994) and the other is associated  with  the mat- haplo- 
type. For these  reasons,  premature  death  syndrome was 
described as a specific  feature  of the AS1-4 mat- geno- 
type (BELCOUR et al. 1991). Deletion is assumed  to  arise 
from  an  intramolecular  recombination  event  between 
two direct  repeats. The target sequence is a mobile  in- 
tron  that  can  occupy a specific  ectopic  site  other  than 
its  natural  location:  recombination  between  the two 
copies  of  this  intron  should give rise  to two complemen- 
tary deleted  molecules, one of  which is lost  (SELLEM et 
al. 1993).  This  syndrome was observed only  in AS1-4 
mat- strains,  while ASI-4 mal+ strains appeared immor- 
tal (BELCOUR et al. 1991). Furthermore,  although  show- 
ing   the  site-specific  deletion at an  extremely  low  level 
(C.  SELLEM,  personal  communication),  the wild-type 
strains (ASl+mat+ a n d  ASI+mat-) do no t  appear to 
accumulate  the  deleted  molecule.  Instead, they display 
a senescence  syndrome  associated  with other mtDNA 
rearrangements:  short  mtDNA  sequences are amplified 
as circular  multimeric  DNA  molecules  (called  senD- 
NAs) in  senescent  cultures  (see DU,JON a n d  BELCOUR 
1989  for  review).  Strikingly, the sequence  most  often 
amplified  (senDNAa) is exactly  that  which plays a key 
role in  the  recombinational  event  leading  to  premature 
death (BELCOUR et al. 1991). 

Further  analyses  were  required to bet ter   under-  
s tand  premature death syndrome. The physiological 
and genetic  approaches reported in  this paper yield 
two  main  conclusions.  First,  the  syndrome  can no 
longer  be  defined  simply as an early growth  arrest 
bu t   r a the r  as the  accumulat ion  of  a specific  mtDNA 
deletion.  This  can  occur  in both A S 1 4  mat- a n d  ASI- 
4 mat+ st rains   depending  upon  cul ture   condi t ions.  
Second,  the  mating-type  genes do not play any role 
in  the  process.   There is a distinct  gene, m p ,  with  two 
natural  alleles, rmp+ and rmp-, linked  respectively to 
mat+ and mat- (rmp is a french  acronym  for  “r6gu- 
lateur de la mort prkmaturke,” SELLEM et al. 1993). 
Overall ,   the data suggest a model  that  takes  into  ac- 
count the  fact   that   senescence  and  premature death 
are mutually  exclusive  syndromes  and that highlights 
the utmost  importance of cytosolic  translation  within 
a syndrome due to the accumulation  of a specifically 
deleted  mitochondrial   genome.  

MATERIALS  AND METHODS 
Fungal strains: Genetics and biological properties of P. an- 

senna were first described by RIZET and ENGELMANN (1949) 
and reviewed by ESSER (1974). The asci contain four asco- 
spores,  each formed  around two nonsister nuclei after  a post- 
meiotic mitosis. A few asci contain five ascospores, two of 
which are smaller and uninucleate.  These give rise to homo- 
caryotic mycelia, mainly used for genetic analysis. When nec- 
essary, entire asci  were investigated. All mutant strains are 
derived from the S strain (RIZET 1952). The mat locus maps 
to linkage group I (LGI) and displays 98%  second division 
segregation (SDS). The ASl-4 and AS3-2 mutations were iden- 
tified as antisuppressor  mutations ( P I C ? - B E N N O U N  1976). 
The first is in LGI and  the second in LGIV. The su8-1 mutation 
is a UGA  tRNA suppressor (DEBUCHY  and BRYGOO 1985) dis- 
playing nearly 100% first division segregation (FDS). The 
p?d-l mutation is a mat- linked  marker  resulting  in increased 
sensitivity to paromomycin and small-sized spores (MARC:OU 
et al. 1980). The lys2-1 and leul-1 mutants that, respectively, 
exhibit  auxotrophy for lysine and leucine are gifts of M. 
CROUZEI’. The strain carrying both a  deletion of the mat locus 
and transgenic mat- information was described by COPPIN et 
al. (1993). The geographical races A, M, N, s, U, W, Z and 
the P. comata species (T  strain)  are kind gifts  of  G. R I m T  and 
D. MARCOU. Their incompatibility properties with respect to 
the S race were investigated either by RIZET (1952), BERNET 
(19G5), or L. BEIGOUR (unpublished results). The lifespans 
of the A, M, N, and S races were described by MARCOU (1961), 
while the mtDNA characteristics of all races were investigated 
either by CLTMMINGS et nl. (1990) or L. BELCOUR (unpublished 
results). 

Media, growth rate  and  lifespan  measurements: All media, 
i.e., corn meal extract (MR), minimal synthetic (M2) and 
germination (G) media were as described by ESSER (1974). 
When necessary, media were supplemented with drugs  after 
sterilization. For at least four subcultures of each relevant 
strain, growth rates were measured as the increase in diameter 
of the thalli at regular time intervals until the thalli covered 
the Petri dish. Lifespans were measured for  either  four subcul- 
tures from five strains or five subcultures from four strains 
exhibiting a given genotype. Exceptionally, four subcultures 
from three strains were used. Parallel cultures were grown in 
culture  (race) tubes at 26” in the dark.  Incubation of’ tubes 
and transfers were made with implants of -10 mm‘. The 
lifespan of a strain was defined as the mean  length of growth 
of parallel cultures between the point of incubation and  the 
arrested edge of the  dead culture. Growth arrest was readily 
detected  due to the pigmentation  changes of dead mycelium. 

Crossing  procedures,  construction of double  mutant  strains 
and forced vegetative  heterocaryons: Crosses were per- 
formed  either by confrontation  or spermatization. In the first, 
the two relevant (homocaryotic) strains were allowed to grow 
on  the same Petri  dish, crossing occurring when the two CUI- 
tures  met. In the  second, a suspension of microconidia ob- 
tained  from one strain (the male culture) was poured  onto a 
homocaryotic mycelium (the female culture). This procedure 
was used either to analyze strains obtained from dicaryotic 
ascospores or  to  ensure a precise and common cytoplasmic 
background in the progeny (for instance,  in crosses  involving 
different  geographical  races). Most double  mutant strains 
were easily obtained  and characterized due  to their  normal 
germination level and to phenotypic  properties of the  paren- 
tal strains that could  be unambiguously recovered in the prog- 
eny. For instance, the AS14 ascospores display a spindly ger- 
minating mycelium not shown by su8-1 ascospores. The ASl- 
4 su8-1 strains behave as AS1-4 strains at germination. The 
presence of the su8-1 mutation was determined by crosses 
with 193 tester strains carrying a UGA spore color  mutation 



mtDNA Deletion and Translation 543 

(PICARD 1973). The ASI-4 AS?-2 double  mutant  strains were 
more difficult to obtain antl  characterize  since AS?-2 asco- 
spores display a very  low germination level, and when  germi- 
nating.  a phenotype  that can be  confused with that of AS1-4. 
Although the A N - 4  AS52  double mutant strains appeared 
female  sterile (unlike  the  parental  strains),  their status was 
ascertained by crossing each  candidate to the wild-type strain. 
Progeny were analyzed and  the segregation of the two muta- 
tions was veriliecl. Forced vegetative heterocaryons were o h  
tainetl by putting implants (one of each of the two relevant 
auxotrophic  strains) side by side on M2 medium, allowing 
them to form anastomoses and  complement  one  another  for 
growth on this minimal medium. 

Transformation  procedures  and  mtDNA  analysis: To ob- 
tain strains  carrying both  the wild-type m8' gene  and its . w R  
I mutant allele,  transformation experiments were performed 
a s  previously described (PKARD P I  d .  1991).  The  recipient 
strain carried thc UGA h t l - 1  mutation  and was .TUX+ ,no/+ 
(mp+). It  was transformed with the pHSU8 vector (DERL'CIIY 
c/ NI. 1988) that has the UGA suppressor tRNA s ? c ~ Y - l ,  s u p  
pressing the I m I - 1  mutation. Several (leu')  transformants 
were recovered and crossed to a  tester  strain  carrying the 193 
UGA spore  color  mutation, to ensure  that  the transgenic .w8- 
I suppressor was well expressed. Several transformants were 
then crossed to a ASI-4 mol- ( r m p -  ) 1 ~ ~ 1 - 1  s v t f f  strain.  The 
ASI-4 (nnp+ and nnp- ) progeny were recovered and  checked 
for  either a (lerl-) or a (leu') phenotype, to identify those 
with the ~718-1 transgenic information. 

Analysis of mtDNA was performed by standard  methods 
(BF.IX:OL!R e/ 01. 1991) exccp~ that  the DNAwas extracted  from 
mycelia using the rapid procedure described by LE:(:EI.I.IER 
and SI1 A R  ( 1994). 

RESULTS 

Sporadic expression of the  premature  death syn- 
drome: Preliminary  studies  showed that AS14 rmp- 
strains always displayed mycelial death  on  the  entire 
growth front of a culture, a few days after  ascospore 
germination  (Figure  1A). ASI-4 rmP+ strains, on  the 
contrary, displayed such a long lifespan that they a p  
peared  immortal (BEI.(:OUR p t  01. 1991). At that time, 
lifespans were measured by growth on  corn meal me- 
dium (MR) in race  tubes  (BELCOUR and BEGEI. 1980; 
MATERIAIS AND METIIODS). Data from experiments in 
which the lifespans, measured on MR medium, o f  ASI- 
4 strains were compared to those of wild-type (ASI')  
strains are shown in Table 1 (lines I and 11). As an 
alternative culture  medium, we used minimal  synthetic 
medium (M2),  which has been shown to shorten life- 
spans of ASI+ strains ( W A R  and PICARD 1994; this pa- 
per,  Table l ) .  Longevities of AS14 (mp+ and rmp- ) 
strains  obtained  from  different crosses are shown in 
Table 1 (see  lines 111-VI1 1 ) .  These  experiments  dem- 
onstrated two striking  points  concerning  the AS14 
mp+ strains. First, these  strains no  longer  appeared 
immortal  when grown on M2 medium.  Second,  the life- 
spans  appeared very heterogeneous, as shown by the 
variations of the  mean values between experiments  and 
by the  standard deviation within each  experiment. 
These  scattered values are  not  due only to  heterogene- 
ity between  strains (obtained  from  different ascospores) 

Frc;r'~t;, l.-l'~-cm;~curc. rlc;lth sc(w ;II t l w  I~*vcls 01' myxlial 
phenotype (A) antl mtDNA structure (R). ( A )  Top: ASI-4 
mp+ showing either  no sign of death  (left) or a ful l  edge 
dead  front  (right). Bottom left: ASI-4 mp+ showing death 
on a  limited area of the growing front. Bottom right: the 
typical premature  death  phenotype of a ASI-4 rn$- culture. 
(D) DNA analysis. Lane 1: 1-kb DNA ladder.  Other lanes: 
mtDNA digested by Had11 and stained by ethidium  bromidc 
from AS14 mi>- displaying a typical premature  death  pheno- 
type (lanes 2 and 7, nvo independent  cdtures), ASI- nnp- 
young culture  (lane 3), ASI-4 rmp+ dead after  3 cm growth 
(lane 4). ASI' nnp- senescent  culture  (lane 5 ) ,  ASI-4 rmp- 
first saved from  premature  death  on "2 medium supple- 
mented by paromomycin (hvo serial Petri dishes),  then trans- 
ferred to M2 medium  and having stopped growing after 4 cm 
(lane 6) (see  text for  details). Arrow indicates the position of 
senDNAa (2.5 kb), typical of the  senescent state found in 
wild-type cultures. Arrowhead shows two of the fragments that 
are  underrepresented in mtDNA from mycelia displaying pre- 
mature  death. (Presently, >JO independent  premature  death 
event? have been analyzed: they all display the same pattern). 

but also reflect  heterogeneity  between  different subcul- 
tures of the same  strain.  For  example,  among  four s u b  
cultures of a given strain,  three died after 2 cm  of 
growth while the  fourth  stopped growing at 25 cm. This 
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TABLE 1 

Lifespans of the  wild-type  and AS14 strains grown on  different media 

Strains 

Media ASl+mp+  ASl+mp- AS1-4 m p +  ASl-4 mp- 

I (MR) 31 t 7.9  17.2 ? 2.4 > 164" ND 
(0.256) (0.139) 

(0.234) 

(0.064) 

(0.077) (0.068) (0.791) 

I1 (MR) 36.5 t 8.5 20.6 +- 5.5 ND 

I11 (M2) 8.4 t 0.5 9.1 ? 0.6 89.3 ? 48.1 

nJ (M2) 9.2 ? 0.7 9.9 t 0.6 33.4 ? 26.4 ND 

v 0 4 2 )  9.1 ? 0.7 ND 77.5 ? 50.7 ND 

VI (M2) ND 10.3 5 2.5 ND 

VI1 1 (M2) 8.6 t 0.7 10 ? 1.3 124.3 2 70.5" ND 

2 (M2 + CHX) 6.7 t 0.4 8.1 ? 0.6 133.2 5 62.8" ND 

3 (M2 + Pm) 10.6 t 1.4 14.3 t 2.0 >194' ND 

4 (M2 + Ksg) 4.5 t 0.9 5.4 2 0.9 >18gd ND 

2.8 ? 0.8 

1.4 ? 0.3 
(0.268) (0.290) 

(0.073) (0.538) (0.227) 

(0.080) (0.655) 

(0.245) 
1.7 ? 0.4 
(0.230) 

(0.081) (0.137) (0.567) 

(0.067) (0.072) (0.471) 

(0.131) (0.141) 

(0.200) (0.178) 

Roman numerals refer to different crosses (ASI-4 m p +  X ASP m p - ) .  MR, corn meal medium; M2, 
synthetic  minimal medium; M2+CHX,  M2+Pm and M2+Ksg indicate M2 supplemented, respectively,  with 
cycloheximide (2  pg/ml), paromomycin  (500 pg/ml) and kasugamycin (500 pg/ml). Mean  lifespans are in 
cm t SD. Numbers  in parentheses are the coefficients of variation ( i e . ,  ratio of standard deviation  to mean, 
SOKAI. and ROHLF 1969). Each experiment was performed on 20 subcultures of each  relevant  genotype, except 
for the ASI+ strains  used  in experiments IV and VI (12 subcultures) (MATERIALS AND METHODS). Occasionally 
mean  lifespans  were  calculated on 14 to  19 subcultures  instead of  20 because  some  were  lost  to contamination 
before  growth arrest. In experiment VII, explants  derived  from the same cultures were  used in the four 
conditions in order to ensure the best  comparisons. ND, not determined. 

" Cultures were discontinued before  growth arrest. 
"The values are rough estimates  since one culture (among 15) has not yet stopped growing on M2 medium 

(its lifespan will be  over 240 cm) while  six cultures are still  living on M2 + CHX (their lifespans will be  over 
190 cm). 

' All cultures ( n  = 18) are still  living. 
"All cultures are still living except one that stopped growing at 188  cm growth. 

intrinsic  heterogeneity  of a given thallus appeared even 
more striking  when  observations  were  performed on 
Petri  dishes. As shown in  Figure lA, besides cultures 
able  to cover  a  dish and  others showing  growth  arrest 
on  the  entire growth  front, a third type was observed 
that  exhibited signs of death  on a limited  area  of  the 
growth  front.  In all cases examined so far,  the  dying 
mycelia contained  the  deleted  mitochondrial  chromo- 
some typical of  premature  death  syndrome  (Figure 1B; 
BELCOUR et al. 1991). 

Cytoplasmic determinants  and  nuclear  backgrounds 
do  not play any  role  in  the  sporadic  appearance of 
premature  death.  The variability was independent of 
the  genotype of the  female  partner ( A S 1 4  rmp+, 
ASl+rmp-,  AS14  rmp-) and was also seen  when  both 
parents were A S 1 4  (data  not  shown). 

In  contrast  to A S 1 4  rmp+, the lifespan  values ob- 
tained  for ASI-4 rmp- and ASI+ strains  fitted well with 
homogeneity  both  at  the level of  each  progeny (stan- 

dard deviation) and between crosses (mean values). 
The similarity appeared  even  more  striking  when coef- 
ficients of variation  were  compared (SOKAL and ROHLF 
1969).  In fact, these values,  which permit  comparisons 
between  distributions with different  means, clearly 
showed  that ASl-4 rmp+ strains are distinct  from  the 
three  other  strains  (Table 1). The significance of these 
comparisons was confirmed by the WILCOXON test (WIL- 
COXON 1945; data not  shown).  This  discrepancy be- 
tween the A S 1 4  rmp+ strains and  the  other strains is 
emphasized  when  the  data  are  plotted  according  to 
MARCOU (1961):  the  logarithm of the  percentage of 
living subcultures is given with respect  to  growth  length. 
Such a representation is shown in Figure 2 for  the  four 
genotypes. The curves obtained  for  the ASl' m p + ,  
ASl' rmp- and A S 1 4  rmp- strains  appear similar, with 
the  exception of the  plateau.  This  difference reveals 
that  premature  death  occurs  earlier  than classical senes- 
cence.  The  sharp  slope of the curves shows that,  in  both 
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FIGURE 2,"Life-span curves ofAS1+ m p + ,  ASI+ m p - ,  ASl- 
4 m p +  and ASl-4 m p -  grown on M2 medium. The  data  are 
reported  according  to MARCOU (1961) as the logarithm of 
the  percentage of living subcultures with respect to growth 
length. Survivors are plotted every centimeter for ASI+ (both 
strains) and AS14 rmp-, every 10 cm for ASI-4 m p + .  Data 
are taken from  Table 1 (line HI),  except for ASI-4 m p +  
(curve a ) ,  which was obtained from  Table 1 (line IV). 

cases, there is no escape from death  once  the primary 
event has occurred. As revealed by the coefficients of 
variation (Table l ) ,  the distributions are homogeneous. 
In contrast, the curves obtained for ASl-4 rmp+ strains 
are complex. In certain samples (see Figure 2, curve 
a), the first plateau is lacking, as if in some AS1-4 rmp+ 
cultures, death were determined as soon as ascospore 
germination as it is in  all ASI-4 rmp- cultures. Regard- 
less  of  this particular point, all the samples share  a com- 
mon  feature (see Figure 2, curves a and b as examples): 
there  are always several plateaus, as if the probability 
of an efficient triggering event were  very  low in  this 
genetic context (see DISCUSSION). 

To investigate the  apparent homogeneity of the ASl- 
4 rmp- genotype, an extensive sampling was performed. 
Thalli obtained from 20 AS1-4 rmp- ascospores were 
recovered from  germination medium and divided into 
20 implants allowed to grow on Petri dishes (10 on M2 
medium and 10 on MR medium). All 200 subcultures 
grown on M2 medium showed a typical premature 
death  phenotype while heterogeneity appeared on MR 
medium. Reminiscent of the behavior of ASI-4 rmp+ 
grown on M2 medium,  three kinds of subcultures were 
observed with AS1-4 rmp- grown on MR medium. First, 
as expected, most subcultures showed the  premature 
death  phenotype all along  the growth front of the thal- 
lus. Second, other subcultures were able to cover a Petri 
dish without showing  any  sign of death.  Third, some 
subcultures exhibited two sectors: one showed prema- 
ture  death while the other grew to the  edge of the dish. 
Statistical  analysis  of the  data (Table 2) showed that 

TABLE 2 

Premature death escape in AS14 rmp- strains grown on 
MR medium: the data do not fit a binomial distribution 

No. of ascospores 
No. of escape events 

per ascospore Expected Observed 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.698 
2.784 
4.993 
5.307 
3.702 
1.771 
0.588 
0.134 
0.020 
0.002 
0.000 

5 
6 
3 
0 
0 
2 
0 
1 
0 
2 
1 

Twenty ASl-4 m p -  ascospores were obtained from ASl-4 
rpm+ X ASI+rmp- crosses. Each germinating thallus was split 
into 10 implants giving rise to 10 subcultures on MR medium. 
Each ascospore can give  rise to subcultures that  at least partly 
escape premature  death  (from zero to 10 subcultures, first 
column).  The expected  distribution of the 20 ascospores into 
these 11 classes was calculated according to a  binomial distri- 
bution using the observed frequency of subcultures that es- 
caped  premature  death: 57/200, i e . ,  0.285. 

the probability of premature  death escape did not fit 
a binomial distribution, as expected from its random 
appearance.  Rather, it depends on the original asco- 
spore. The simplest explanation of these observations 
is that  the ascospores differ from each other at  the time 
of germination with respect to a  component  required 
for premature  death. If premature  death were  ex- 
pressed at  a given threshold of this component, one 
could imagine that its concentration would decrease 
from the  dead front to more distal parts of the thallus. 
This question was addressed as  follows: implants were 
collected from ASI-4 mp- cultures every 5 mm, at in- 
creasing distances from the  dead  front,  and allowed to 
grow on a second Petri dish. The data clearly  showed 
a  gradient effect.  Ninety percent of the implants taken 
at 5 mm  of a  dead front gave rise to cultures showing 
premature  death. This figure progressively decreased 
to <lo% of the explants collected >60 mm from a 
dead  front  (data  not  shown). 

As a preliminary conclusion, several points must be 
noted. First, premature  death syndrome (defined by its 
characteristic mtDNA deletion) is not limited to the 
ASI-4 rmp- genotype: it is shared by the ASI-4 rmp+ 
genotype. Second, a predisposition to express this syn- 
drome is controlled by both  the rmp gene (the rmp- 
allele being more efficient than  the rmp+ allele) and 
by culture medium (M2 being a  better  enhancer  than 
MR). Third,  the ability to show the syndrome is an 
intrinsic property of each ascospore. Fourth, it is note- 
worthy that  premature  death can be limited to one part 
of a thallus. Although linked through anastomoses be- 
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TABLE 3 

Effect  of various drugs on growth parameters of ASl+ 
rmp+ and AS14 rmp+ strains 

Linear growth 
rate ( % ) b  Lag (day)' Dose 

Antibiotic" (pg/ml) A S P  ASI-4 ASI+ AS1-4 

None - 100  100 - 
CHX 2 91-100d  57-9Zd  1 1.3 
Pm 500 86-100d  65-77d No No 

- 

750 52-76' 40-68' 1.5 5 

1000 50 65 No No 
Ksg 500 68 73 No  No 

EB 10  90  90 1.5 6 

a CHX,  cycloheximidine; Pm, paromomycin;  Ksg,  kasuga- 
mycin; EB, ethidium  bromide.  The first three  antibiotics  were 
tested in M2 medium and EB in MR medium. 

Elongation  rate of the mycelium on drug-containing me- 
dium expressed as percentage of the elongation rate on  drug- 
free medium. 100% means 5.5 mm per day for A S P  and 6.5 
mm per day for AS1-4. 

Lag  time  before  the  strain  resumed  growth  after its trans- 
fer  to  drug-containing medium. 

"-/In these three cases, the slope of the  growth curve dis- 
played a clear-cut change at 9 days ( d ) ,  11 days ('), 18 days 
(/). The two numbers refer to the first and the  second  slope. 

tween filaments, two adjacent subclones can display  dif- 
ferent phenotypes (see Figure 1). This suggests that  the 
causative agent of the syndrome is not highly  invasive, 
at least in terms of lateral diffusion. Last, premature 
death may occur at a given threshold of a  component, 
which could be the  deleted molecule per se. 

Drug effects:  differences  between premature  death 
and senescence: The sporadic appearance of prema- 
ture  death in AS1-4 rmp+ strains and its sporadic disap- 
pareance in ASl-4 rmp- strains appeared challenging. 
We left aside the analysis  of differences between M2 
and MR media, which requires long and tedious studies. 
Instead, we attempted to modify the environmental or 
genotypic backgrounds of the ASl-4 strains to see if 
the syndrome could be triggered or suppressed in a 
controlled fashion. 

Phenotypic changes could easily be achieved with 
drugs. We focused mainly on antibiotics known to alter 
protein synthesis, since one of the nuclear partners of 
premature  death ( A S l )  is a  gene  encoding  a cytosolic 
ribosomal protein (DEQUARD-CHABLAT et al. 1986; DE- 
QUARD-CHABLAT and SELLEM 1994). These antibiotics 
include cycloheximide, paromomycin and kasuga- 
mycin.  While cycloheximide inhibits translation without 
altering accuracy, the two other inhibitors have oppo- 
site  effects on accuracy. Paromomycin is known to in- 
crease translational errors while  kasugamycin is thought 
to decrease them (see DISCUSSION for references). Table 
3 shows the effects  of these drugs on growth parameters 
of ASl' rmp+ and AS1-4 rmp+ strains (the A S S  m p -  
strain gave the same data as the ASl+ rmp+ strain, while 

the ASl-4 m p -  strain died too early to allow measure- 
ment  of growth rates). The AS1-4 rmp+ strain clearly 
appears more sensitive to paromomycin and more resis- 
tant to kasugamycin than  the wild-type strain. These 
properties  are  shared by other AS1 alleles  (COPPIN-RAY- 
NAL 1981; KIEU-NGOC and COPPIN-RAYNAL 1988). The 
ASl-4 rmp+ strain also  shows an increased sensitivity 
toward  cycloheximide (Table 3). As shown  in Table 1 ,  
the  three drugs modify the lifespan of the wild-type 
strains. While  cycloheximide was previously  shown to 
decrease lifespan, at least on corn-meal medium (BEL 
COUR and BEGEL 1980), this is the first report of  assays 
with paromomycin and kasugamycin. The first drug in- 
creases  while the second decreases the lifespan of  wild- 
type strains. 

The lifespans  of ASl-4 m p +  were measured with and 
without cycloheximide. They appeared similar in the 
two conditions (Table 1, lines VI1 1 and VI1 2). To 
confirm this lack of effect, observations were performed 
on strains grown  in Petri dishes: cycloheximide was un- 
able either to trigger premature  death in AS1-4 m p +  
strains or to alleviate it in AS1-4 rmp- strains, even  when 
added to the  germination medium (data not shown). 
The effects  of paromomycin and kasugamycin on ASl- 
4 rmp+ strains were  also measured in race tubes. Both 
clearly increased the lifespan (Table 1, compare lines 
VI1 3 and VI1 4 with line VI1 1) .  The two antibiotics 
were  assayed on AS1-4 rmp- strains grown on Petri 
dishes. Nearly  half of the strains (30/79) were  saved 
from premature  death when  allowed to grow on M2 
supplemented with paromomycin. Kasugamycin was 
also able to promote this phenotypic rescue although 
to  a much lower extent  (three strains saved among 47 
tested). When grown on drug-supplemented medium, 
some of the paromomycin (kasugamycin)-rescued ASl- 
4 mzp- strains showed limited signs  of death while oth- 
ers were able to cover serial Petri dishes. The effect of 
paromomycin was clearly dose-dependent. Routinely, 
tests  were performed with 500 yg/ml.  The same data 
were  observed  with 400 yg/ml while the  number of 
cultures rescued by the  drug decreased at 300 yg/ml. 
Finally, no strains were  saved  below this concentration 
(tests performed from 50 to 250 ,ug/ml; data  not 
shown).  The effect of kasugamycin was  assayed at  a 
single concentration (1 mg/ml). It is noteworthy that 
when a AS1-4 rmp- strain was saved by growth on drug- 
supplemented  medium,  the  premature  death syndrome 
was clearly  delayed when the strain was transferred to 
drug-free medium. In some cases, a large sector of  the 
thallus was even able to cover a Petri dish. Given the 
size  of the  explant  (a few cubic millimeters) with respect 
to that of a Petri dish (9 cm in diameter)  and  the vol- 
ume of drug-free medium in the dish (40 ml), this 
striking carry-over cannot be explained simply  as a drug 
dilution effect. 

Ethidium bromide was also  used that is known to 
increase the lifespans  of  wild-type strains and to rejuve- 
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nate senescent cultures (BELCOUR and BEGEL 1980; 
KOLL et al. 1984). As shown in Table 3, this drug  had 
only a  moderate effect on AS1-4 rmp+ cultures. How- 
ever, growth resumption of ASl-4 rmp+ was slower than 
that of  wild-type cultures after transfer to medium sup- 
plemented with the  drug.  In parallel experiments, 
ethidium  bromide (5-10 Pg/ml) was applied  to  ar- 
rested mycelia suffering either from senescence (geno- 
type: A S P  rmp-) or from premature  death (genotype: 
ASI-4 rmp-). While no mycelia (0/93) were  saved from 
premature  death, nearly  half (23/62) recovered from 
senescence and resumed normal growth. Even when 
used as  early  as ascospore germination,  ethidium bro- 
mide was unable to prevent ASl-4 rmp- individuals 
from expressing premature  death syndrome. Thus, con- 
trary to senescence, premature  death is insensitive to 
ethidium  bromide  treatment. 

As a preliminary conclusion, it appears  that prema- 
ture  death  and senescence respond differently to the 
drugs tested. Concerning  premature  death, only paro- 
momycin and kasugamycin  showed an effect: both anti- 
biotics increase the lifespan of ASI-4 rmp+ and both 
are able to rescue AS1-4 m p -  although in a sporadic 
manner. 

Effect of additional mutations: epistasis  and suppres 
don: The AS3-2 mutation that decreases (BELCOUR et al. 
1991) the lifespans of  wild-type strains was introduced 
into the ASl-4 backgrounds. Mutations  of the AS3 gene 
are highly pleotropic and lead to a very short lifespan 
(BELCOUR et al. 1991). Isolation and characterization of 
AS1-4 AS3-2 double  mutant strains are described in MATE- 
RIALS AND METHODS and were studied on M2 medium. 
The results can be  summarized as follows. AS32 rmp+ 
strains exhibited their senescent front  around  4 cm  of 
growth while the seven double mutant strains  recovered 
were able to fill a Petri dish, as observed for most of 
the ASI-4 m p +  strains. AS3-2 rmp- strains  showed their 
senescent front  at 8 cm  of  growth  while the eight double 
mutant strains recovered displayed a heterogeneous be- 
haviour.  Some AS1-4 AS3-2 rmp- strains died after 2 cm 
of growth while some others were  still  alive after 18 cm. 
Thus, the AS1-4 mutation is clearly  epistatic upon the 
AS3-2 mutation in both the rmp+ and rmp- contexts. 
Unfortunately, too few AS14 AS?-2 rmp+ strains  were 
recovered to determine whether they could exhibit signs 
of death sporadically, as do some ASI-4 rmp+ strains. 
However,  this  sporadicity was shown by the double mu- 
tant strains recovered  in the m p -  background. The epi- 
static  effect of the ASI-4 mutation upon the AS3-2 muta- 
tion is confirmed by molecular analyses  of the 
mitochondrial genome. In fact, senescence of the AS3 
mutants is characterized by a high level of senDNAa 
(SAINSARBCHANET et al. 1993) while the ASl-4 AS3-2 
m p -  strains show the site-specific deletion characteristic 
of the  premature  death  (data  not shown), 

One  other nuclear mutation (su8-1) was introduced 
in the ASl-4 backgrounds for specific reasons. The sua- 

1 mutation is a  dominant opal tRNA suppressor ( DEBU- 
CHY and BRYGOO 1985) used as a selective marker in 
some of our libraries (BRYGOO and  DEBUCHY 1985; PI- 
CARD et al. 1991). If such a library is used to  clone  the 
rmp gene, it will be necessary to know the effect of the 
sua-I mutation in the ASI-4 background. The lifespans 
of A S P  su8-I strains appear slightly (but  not signifi- 
cantly) shorter  than those of the wild  type (P. SILAR, 
personal communication). However, the ASl-4 su8-1 
strains (either m p +  or rmp-) exhibit  the  premature 
death phenotype (tests performed on M2 medium). As 
an example, the 13 ASI-4 sua-I rmp+ strains (recovered 
from a ASl+su8-I rmp- X ASI-4 su@ rmp+ cross) all 
stopped growing before 2.5 cm, while the 17 AS14 su8+ 
rmp+ strains (obtained from the same cross) all  cover 
a Petri dish, with the exception of three strains showing 
limited signs of death. All AS1-4 su8-1 mp- strains dis- 
played a worsened premature  death phenotype: the 
dead  front  occurred earlier in AS1-4 rmp- su8-1 strains 
than in AS1-4 rmp- su8f strains. In all the ASI-4 su8-I 
strains examined, mycelial death was found associated 
with the mtDNA site-specific deletion  (data  not shown). 
The fact that  the ASI-4 m p +  su8-1 strains display the 
phenotype of ASI-4 rmp- strains (systematic premature 
death) is  easily explained if the rmp+ allele carries a 
nonsense (UGA) mutation. This hypothesis leads to two 
simple predictions. First, m p +  should be recessive  with 
respect to its mp- allele and second,  the su8-1 mutation 
should be dominant  concerning  premature  death, as it 
is when tested upon  other markers. 

Tests  for  dominance/recessiveness of the ASl, rmp 
and su8 alleles with respect  to  premature  death: To 
perform the most reliable test, forced vegetative hetero- 
caryons  were used. One  or  the  other of two auxotrophic 
markers were introduced,  through crosses,  in the four 
relevant genotypes and forced heterocaryons were ob- 
tained in  all  possible combinations (MATERIALS AND 
METHODS). The results, shown  in Table 4, demonstrate 
that mp- is dominant over its rmp+ allele: the ASI-4 
rmp+ mycelium  is unable to rescue its AS1-4 rmp- part- 
ner  although a true heterocaryotic state is achieved, as 
demonstrated by growth on minimal medium before 
death.  In  the two cases examined (two assays each), the 
mycelial death was associated  with the specific  mito- 
chondrial  deletion  that characterizes this syndrome 
(data  not  shown). Data from Table 4 also provide evi- 
dence  that  the ASl-4 mutant is recessive  whatever the 
mZp background. In fact, a ASI-4 map- mycelium is com- 
pletely rescued by a A S P  partner, even if the latter 
also carries the mnp- information. This conclusion was 
recently strengthened following the cloning of the AS]' 
gene. ASI-4 rmp-t strains carrying a transgenic ASl' 
gene  (integrated ectopically) were  crossed  with a ASI- 
4 rmp- strain: the AS1-4 rmp- progeny never displayed 
the  premature  death phenotype when  they carried the 
A S P  transgenic information (DEQUARD-CHABLAT and 
SELLEM 1994). 
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TABLE 4 

Forced  vegetative  heterocaryons  between strains carrying  the mutant or  wild-type AS2 alleles 
and  the rmp+ or rmp- alleles 

l ed-1  strains 

lys2-1 strains ASl-4 m p -  ASl-4 mP+ A S l f  m p -  ASl+ m p +  
ASl-4 WLP- NT PD (1)“ L (2) NT 
AS1-4 mP+ PD ( 8  + 1)’ L (3) L (9 + 1)‘ L (4) 
ASl+ mp- L (18) L ( 7 )  NT NT 
ASl+ m p +  L (11) L (3) NT NT 

NT, not tested; PD, premature  death; L, normal lifespan. Numbers in parentheses refer to heterocaryons 

“Two additional heterocaryons did not resume growth  when tested for lifespan. 
’Eight heterocaryons clearly  showed the premature  death phenotype and  one grew a little more before 

‘One heterocaryon among 10  showed limited signs of death but continued growth on  the major part of 

independently obtained (MATERIALS AND METHODS). 

death. Two additional heterocaryons did not resume growth  when tested for their life span. 

the thallus. 

The dominance/recessiveness of the su8-1 mutation 
could not be tested by the heterocaryon-based test since 
the su8-1 mutation suppresses one of the two auxotro- 
phic markers available to obtain forced vegetative het- 
erocaryons. Therefore, we took advantage of the clon- 
ing of this gene (DEBUCHY and BRYGOO 1985).  In fact, 
the  cloned su8-1 mutant  gene has been used as a selec- 
tive marker in transformation experiments (DEBUCHY 
and BRYGOO 1985; PICARD et al. 1991) showing that this 
suppressor is dominant, as  usually observed for tRNA 
suppressors. For our purpose,  the su8-1 mutation was 
introduced by transformation into  a ASl’ rmp+ 
sugstrain (see MATERIALS AND METHODS). Several  pri- 
mary transformants were crossed with a AS1-4 mp- 
s u p  tester strain. Among the offspring, 21 ASl-4 rmp- 
su@ and 30 AS1-4 rmp+ su8+ strains carrying the su8- 
1 transgenic marker were recovered. All showed prema- 
ture  death.  Thus  the su8-1 mutation is dominant with 
respect to this syndrome: its effect is the same in the 
presence and absence of the su@ allele. This strength- 
ens  the  idea  that m p +  carries a  nonsense (UGA) muta- 
tion. 

The mat information does not encompass the rmp 
gene: During  the  numerous crosses performed be- 
tween the AS1-4 mzp+ (mat+) or rmp- (mat-)  and  the 
wild-type strains, recombination between rmp and mat 
was never observed. These  data left open  an  important 
question: is the mp gene  part of the mating-type infor- 
mation or is it a  gene tightly linked to the mat locus? We 
addressed this question in three sucessive steps. First, we 
asked whether  the rmp+ mat+ and mp- mat- relation- 
ships were maintained  in other wild-type strains of P. 
ansm~na. Second, we took advantage of the  cloning of 
the mat- genes and of the  dominance of the m p -  
allele to introduce the mat- information into a AS1-4 
rmp+ (mat+ ) strain. Finally, we tried to directly obtain 
recombination between the m p  and mat genes, using 
an ascospore marker tightly linked to the mat locus. 

A collection of P. anserina strains isolated from differ- 

ent geographical locations (geographical races) was  es- 
tablished by RIZET (1952 and personal communica- 
tion). Most  of these strains differ from our reference 
strain (S) and from one  another  at least by nuclear 
genes responsible for vegetative incompatibility (RIZET 
and ESSER  1953; BERNET 1965).  Furthermore,  their mi- 
tochondrial  genomes also  display differences, especially 
in  the  presence or absence of optional sequences (CUM- 
MINGS et al. 1990; L. BELCOUR, unpublished  results).  To 
learn  the status of the mating-type haplotypes of these 
strains with respect to the rmp gene, it was necessary to 
join these mating types and  the ASl-4 mutation carried 
by the S strain. The experiments could obviously be 
performed only  with races able to give fertile crosses 
with the S strain, namely the A, M, N, s ,  T, U, W, and 
Z races. It was shown that  the  T strain in fact belongs 
to another close species, P. comata, despite its  low fertil- 
ity  with the P. anserina S strain (J. BEGUERET, personal 
communication). Successive  back-crosses permitted us 
to obtain  the two nuclear genotypes (mat+ and mat- ) 
required  for each strain in two different cytoplasmic 
backgrounds, taking into  account  that  mitochondria 
are  transferred from the  maternal  parent  through sex- 
ual crosses in P. ansm’na (BELCOUR and BECEL 1977). 
For example,  the two mating-type haplotypes of the A 
race were associated with the AS1-4 mutation in the 
two possible mitochondrial contexts, (A) and (S) (see 
MATERIALSAND METHODS). As for  the  T (P. comata) race, 
the  experiments were performed only in the cyto- 
plasmic S background since the cross is fertile only in 
one direction (female S X male T).  The data (not 
shown) permitted  the conclusion that  the two mating- 
type haplotypes of six strains (A, M, T, U, W, and Z) 
carried  the same rmp allele, namely the mp- allele. 
The AS1-4 mutation led to premature  death syndrome 
(with the specific mitochondrial  deletion) whatever the 
mating-type information tested (mat+ or mat- ). Thus 
only the N, s and S races bear  the m p +  allele, linked 
to the mat+ information.  These observations lead to 
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TABLE 5 

The mat- specific DNA sequence does not contain  the rmp- dele 

Genotype 

Type of strain  Resident  markers  Transgenic  markers (nb/total) 
Normal life span 

A ASl-4, Amat+ (mp+ ? ) ‘ I  None 20/20 
B ASl-4, Amat+ ( m p +  ?)“ mat- ( m p -  ? ) ‘ I  29/29 
C AS1-4, mat+ m p +  None 36/39” 
D AS1-4, mat+ m p +  mat- ( m p -  ?)“  15/17” 

A cross was performed between a ASl-4 mat+ m p +  strain and a ASP Amat+ transformant  strain carrying 
the transgenic mat- information: the ASl-4 progeny was examined  for genotype and lifespan. 

“The rmp in  parentheses  indicates that before  the analysis of this progeny, we did not know either if the 
m p +  gene was deleted  along with the mat+ information or if the plasmid mat- DNA brought  along  the mp- 
gene. 

*The remaining strains  did not show premature  death,  but they displayed a slight sign of death  on a small 
part of the  front  although  continuing growth, as did  the  others,  on  the major part of the thallus. 

three conclusions. First, the m p +  allele appears to be 
the less frequent in nature  (three cases among 18). 
Second,  the  mitochondrial  deletion occurs in all the 
cytoplasmic backgrounds tested. Third, it appears  un- 
likely that the rmp gene can be an intrinsic part of the 
mat information. 

A  second,  more  direct,  approach became possible 
when the P. anserina mat genes were localized to small 
DNA fragments: 3.8-kb for mat+ and 4.5-kb for mat- 
(DEBUCHY and COPPIN 1992).  During studies of the mat- 
ing types  of P. anserina, a strain deleted of the mat+ 
information was recovered and a plasmid carrying the 
mat- information was introduced  into this A mat strain. 
The transgenic, ectopically integrated mat- informa- 
tion was fully expressed, allowing the strain to be 
crossed with any mat+ strain (COPPIN et al. 1993). For 
our  purpose, it was crossed with a ASI-4 rmp+ mat+ 
strain. As shown in Table 5, the transgenic mat- DNA, 
which brings all the mat- functions to the A mat recipi- 
ent, does not carry the rmp- gene.  The  three new kinds 
of strains (Table 5: A, B, D) behave like the  control 
AS1-4 rmp+ mat+ (C): they did  not show premature 
death  phenotype. If the rmp- gene were part of the 
mat- information, it should be expressed in the B and 
D strains, because it was shown to be dominant over 
the rmp+ allele (see  above). 

These  data  prompted us to carry out a large-scale 
search for  recombination between the rmp and mat 
genes. This  appeared challenging: as  shown by MARCOU 
et al. (1979), besides the well-known high chiasma inter- 
ference observed between the  centromere  and  the mat 
locus, there is a  preferential localization of meiotic ex- 
changes,  the mat locus lying in a very  low recombination 
frequency  region. However, Y. BRYGOO (personal com- 
munication) used a  rationale  that  aided him to map 
several genes tightly linked to mat. While double cross- 
over frequency is  very  low in  the total population of 
asci, it appears strongly increased among  the minority 
population of  asci showing FDS for a marker  mapping 
far away from the  centromere ( i . e . ,  mat or a  gene tightly 

linked to  it). This results in  an increased probability of 
finding  a meiotic exchange in the mat region.  There- 
fore, we used the recessive PmA-1 mutation  that maps 
<0.5 cM from the mat locus on its distal side (Y. BRY- 
GOO, personal communication). Because PmA-I leads 
to small-sized spores, FDS asci for this marker (which 
contain two large and two small ascospores) can be 
scored by eye. A AS1-4 rmp+ mat+ PmAf X A S l f  rmp- 
mat- PmA-I cross was performed: 174 SDS and 200 
FDS events for PmA were  analyzed for  the segregation 
patterns of AS1 and mat (Table 6). The AS1-4 strains 
were then tested for  premature growth arrest.  Unfortu- 
nately the issue might be confused,  leading to misinter- 
pretation, mainly because of the sporadic expression 
of the  premature  death  phenotype  among ASI-4 rmp+ 
strains (see above). The difficult and  timeconsuming 
work required in further analysis  of  many  false candi- 
dates led us to discard those FDS asci  of  which the two 
AS1-4 ascospores did not display the same phenotype 
(either  premature  death  or  normal  lifespan).  Fourteen 
asci  were further analyzed: their ascospores were  back- 
crossed to either  a wild-type or  a ASI-4 strain and prog- 
eny tested for  the putative new associations between 
mat and rmp. Twelve  were  false candidates but two con- 
firmed  a  recombination event between rmp and mat. 
Both belonged to the triple FDS  class  of Table 6; analy- 
sis  of one of them clearly  showed that these asci  showed 
a SDS for rmp while  displaying a joint FDS for all three 
other markers. This could mean that rmp is the  more 
distal gene. If m p  were distal to PmA, a  recombination 
event between mat and PmA should entail recombina- 
tion between mat and rmp. The six  asci showing recom- 
bination between mat and PmA (Table 6) were  carefully 
reexamined. They did not display the  phenotype ex- 
pected of  asci  also recombinant for rmp and mat. Fur- 
thermore, ASl-4 ascospores from three of them were 
backcrossed to wild  type: the progeny showed parental 
associations for rmp and mat. Therefore, rmp is not distal 
to PmA. The most likely position for rmp is proximal to 
mat. The two recombinant asci are  thus  explained by 
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TABLE 6 

Analysis of asci from the AS14 rmp+ mat+ P m A +  X ASP m p -  mat- PmA-1 cross 
~~ 

Genetic  map C- AS1 ~ mat ___ PmA- 
Intervals I I1  I11 

__ ___ ~__  

Minimal no. of crossovers 
Segregation in interval 

Selected asci" AS1 mat PmA No. of asci I I1 I11 

SDS SDS SDS 61 1 0 0 
FDS SDS SDS 107 0 1 0 

A (174) FDS FDS  SDS 2 0 0 1 
SDS SDS SDS 3 1 1 0 
FDS SDS SDS 1 0 1 1 
FDS FDS  FDS 161h 0 0 0 
SDS FDS FDS 29 1 1 0 

B (200) FDS FDS  FDS 7 0 2 0 
FDS SDS FDS 2 0 1 1 
SDS SDS FDS 1 1 0 1 

The  upper  line gives  the  relative order of the  three markers along  the right arm  of LGI (c, centromere).  The distances are 
not to scale. 

a The recessive PmA-1 mutation  decreases the size of the ascospores.  Thus SDS for PmA gives  rise to asci with four normal- 
sized  spores (A) while FDS leads to asci with two normal-sized  and two small  spores (B). Due to the low level of PmA FDS and 
the low level of five spored asci, PmA FDS asci analyzed were mostly four-spored. On the contrary,  analysis  of PmA SDS progeny 
was  systematically  performed with five-spored asci: three dicaryotic spores (normal size)  and two monocaryotic  spores (one 
normal size, one small size). Number  of asci in  parentheses. 

* Recombination  between mat and mp was observed in two of these 161 asci. 

two crossovers: one between AS1-4 and m p  and  the 
other between rmp and mat. This is not really unusual: 
a crossover near  the mat locus is frequently accompa- 
nied by a  second  in  either of the two proximal intervals 
(see crossovers in interval I11  of Table 6). This tentative 
mapping  might  help in cloning  the rmp gene by chro- 
mosome walking from the  cloned mat locus. 

Last but  not least, this study provided the  opportunity 
to observe the effect of the  recombinant association 
rmp- mat+ upon  the lifespan of a wild-type (AS l+)  
strain. It has been shown by RIZET (1953) that  the life- 
spans of our reference strain (measured on MR me- 
dium) differ depending  on mating type: the process of 
senescence is delayed in mat+ strains compared with 
mat- ones. However the differences, although signifi- 
cant,  are  not so striking as the differences between ASl-  
4 m p +  mat+ and AS1-4 rmp- mat- lifespans (BELCOUR 
et al. 1991; this paper, Table 1 lines I and 11). Deletion 
of the mat locus and reconstruction of transgenic mat+ 
and mat- strains previously showed that  the  gene  acting 
in the wild-type strains was not  part of the mat informa- 
tion (COPPIN et al. 1993). In the course of this study, 
we observed the following mean lifespans mesured on 
corn meal medium  (MR): 33 -+ 9  cm, 16 ? 2 cm, 17 -+ 
3 cm for ASl+ rmp+ mat+, A S l f  rmp- mat- and A S P  
rmp- mat+, respectively. The rmp+ mat- combination 
could not be tested because of the  presence of the PmA- 
1 mutation  that modifies lifespan (data  not  shown). 
However, it is noteworthy that the rmp- mat+ and rmp- 
mat- genotypes lead to identical lifespans. 

DISCUSSION 

Innocuity of the mating-type genes in premature 
death  syndrome: In N. crassa, the mating-type genes 
have been implicated in the process of vegetative  in- 
compatibility since its discovery (BEADLE and COON- 
RADT 1944). Similarly, in P. anserina, since the discovery 
of the senescence phenomenon  (and  long  before its 
explanation by mtDNA rearrangements),  the mating- 
type genes or genes tightly linked to them were pro- 
posed to play a role in the process (RIZET 1953; MARCOU 

1961). More recently, the mating-type region has  also 
been implicated in premature  death (BELCOUK et al. 
1991).  Cloning and sequencing of the mating-type 
genes in both fungi have  solved the problem with oppo- 
site outcomes. In N. crassa, the mtAl and mtal genes 
are clearly bifunctional: they are involved in both sexual 
reproduction and vegetative incompatibility (GLASS et 
al. 1990; STABEN and YANOFSKY 1990). In P. ansmha it 
was shown that  the mating-type information has no role 
in the timing of senescence (COPPIN et al. 1993). In this 
paper, we also  show, through  three successive ap- 
proaches, its innocuity in premature  death. 

In a first step, we used seven geographical races of 
P. anserina and  one  other species, P. comata, able to 
cross (more or less efficiently) with our reference  strain. 
Most  displayed the  premature  death syndrome in the 
presence of the AS1-4 mutation, whatever their  mating 
type. We then took advantage of the  cloning of the mat 
genes (PICARD et al. 1991). If the rmp gene were part of 
the mat information,  a AS1-4 mat+ mat- * transgenic 
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strain  (in which mat- * is the transgenic information) 
should display premature  death because, as  shown in 
this paper,  the rmp allele linked  to mat- ( m p -  ) is 
dominant  upon  the rmp+ allele (linked to mat+). On 
the  contrary,  the transgenic strain still displayed its orig- 
inal AS1-4 matt  (rmp+ ) phenotype. To avoid any effect 
of the mat+ information  upon  the expression of the 
mat- genes (introduced  into  the same nucleus), we 
used also a  strain  deleted of mat+ information (COPPIN 
et al. 1993). The results remained  the same. Thus  the 
mat- information  does not encompass the rmp- gene. 
In  a  third  step, we definitively showed that this gene is 
outside  the mating-type locus by recombination experi- 
ments. Furthermore,  although  recombination between 
the rmp and mat genes was observed in only two asci, 
the data as a whole suggest that  the rmp gene lies proxi- 
mal to the mat locus with respect to  the  centromere. 

Does the rmp gene also control  the timing of the 
senescence  process? It is noteworthy that,  in  our refer- 
ence  strain, the mat haplotypes control  the timing of 
both  senescence and  premature  death. Thus  the two 
syndromes may be under  the control of a single gene 
(rmp) or  there may be two genes: the rmp gene involved 
in premature  death  and  another controlling  the timing 
of senescence. The only arguments  that can clarify  this 
problem  are  indirect. Recombination between the rmp 
gene  and  the mat locus did  not  separate  the two putative 
genes. However, only two recombinant asci  have been 
obtained. Analysis of the geographical races could pro- 
vide complementary  information.  It was not difficult to 
determine  the status of the mat haplotypes of these 
races with respect to  premature  death since this assay 
required only the association of each haplotype with 
the ASl-4 mutation.  Understanding  their status with 
respect to senescence is far  more complicated. It is in- 
deed well known that many nuclear genes modify the 
timing of senescence (GRIFFITHS 1992 for  a review; BEL- 
COUR et al. 1991; P. SILAR, personal  communication). 
Therefore, each of the mat haplotypes of a given race 
must be introgressed  into our reference strain (S). Reli- 
able  data  are available only for  the s race (considered 
to be closely related to the S race) and for  the P. comata 
species (which was submitted  to  the above procedure). 
It  appears  that  the S and s races exhibit  the same mat 
haplotype features, mat+ delaying the expression of 
both syndromes with respect to the mat- timing (on 
MR medium). In opposition, the two P. comata mat h a p  
lotypes, both  containing  the m p -  allele (this paper), 
show the lifespan of a mat+ ( m p +  ) S strain (M. PI-, 
unpublished results) in  the ASIC background. This lat- 
ter fact supports  a two-gene hypothesis while the  other 
data do  not disprove it. We therefore favor the two- 
gene hypothesis with the rmp gene  being specifically 
involved in the timing of premature  death. Such appar- 
ent clustering of genes involved in similar functions is 
a  common  feature of the P. anserina genome, probably 
due  to strong chiasma interference and preferential 
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FIGURE 3.-Senescence and premature  death  are mutually 
exclusive syndromes: a formal  model. (A) When  the sen genes 
are  expressed,  senescence  can occur but premature death 
cannot because of the  repression of (at least) one of the pd 
genes. (B) In the ASI-4 background,  the sen genes  are ex- 
pressed at a too low level to trigger  senescence  while  the pd 
genes are switched on. 

localization of meiotic exchanges (RIZET and ENGEL- 
MANN 1949; KUENEN 1962; MARCOU et al. 1980; J. M. 
SIMONET, D. MARcou and M. PICARD,  unpublished re- 
sults). 

Premature  death  and  senescence  are two mutually ex- 
clusive  syndromes: It would be presumptuous and be- 
yond the scope of this paper to attempt an extensive 
comparison between premature  death and senescence. 
In fact, premature  death has begun to be investigated 
recently while senescence has long been studied in sev- 
eral laboratories ( GRIFFITHS  1992 for a review).  However, 
because  wild-type strains and their typical senescence 
process  have been used as controls in this  study, one 
cannot avoid noting a few points. The two syndromes 
resemble one  other in that  both  are defined as cell death 
probably caused by  mtDNA rearrangements. However, 
the rearrangements differ in the two situations. In the 
case  of senescence, short mtDNA sequences (senDNAs) 
are amplified as circular multimeric molecules (DUJON 
and BELCOUR 1989 for a review).  In the case of prema- 
ture  death,  a site-specific deletion of the mitochondrial 
genome is observed (BELCOUR et al. 1991).  The two  syn- 
dromes also  differ in  other aspects.  First, senescence has 
been  found in most  (if not all) genetic backgrounds 
while premature  death has been seen only in strains 
carrying particular mutations of the AS1 gene. Further- 
more, as shown in this paper,  the two processes are  not 
sensitive  to the same environmental conditions. Last but 
not least, the AS3-2 mutation, which in the ASP back- 
ground leads to a very short lifespan  with a massive accu- 
mulation of senDNAa  (SAINSARD-CHANET et al. 1993), is 
hypostatic  with respect to AS1-4 since the  double  mutant 
strains display the site-specific deletion. 

At the present time, only simple and formal models 
can be  proposed to explain the above observations. One 
possibility is shown in Figure 3. In  the ASl f  back- 
ground, genes that eventually lead to accumulation of 
senDNAs (sen genes)  are expressed. In this context, 
one  or several genes  required  for  the  appearance of 



552 V. Contamine et al. 

premature  death ( p d  genes)  are repressed. In the ASI- 
4 background, due to translational defects, the sen 
genes are expressed at a level too low to trigger senes- 
cence. This inhibitory effect also  relieves the repression 
of the pd genes, leading to premature  death. This model 
(and others as  well)  raise  several problems concerning 
the effects  of the AS1-4 mutation and the  nature of 
the  genes  that trigger either senescence or  premature 
death.  The AS14 mutation  should impair a transla- 
tional step, most probably initiation,  that is critical for 
some messengers. As for  the sen and pd genes, they 
should be involved (directly or indirectly) in mtDNA 
metabolism. 

Premature  death  and the rmp gene: One prediction 
of the above model (Figure 3) is that  conditions antago- 
nizing the effects of the AS14 mutation would lead 
to the  appearance of senescence instead of premature 
death. As shown in this paper, when premature  death 
is delayed, the strains do  not show senescence. For this 
reason, we favor the  idea  that  the primary targets of the 
conditions we have used are  the pd genes, of which the 
rmp gene could be the  paradigm.  Premature  death is 
very  likely due to the accumulation of the  deleted 
mtDNA molecule to the  detriment of the wild-type  mol- 
ecule, up to a threshold  that no longer permits cell 
survival. This deletion is most probably caused by an 
intramolecular  recombination event between two cop- 
ies ofthe a intron, namely the resident and  one ectopic 
copy of this mobile intron (SELLEM et al. 1993).  A strik- 
ing  point is that  the  deleted molecule is present in the 
wild-type (ASI')  strains in trace amounts  that can only 
be seen by  PCR experiments (C. SELLEM, personal com- 
munication).  Thus,  three  parameters may be involved 
in the accumulation of this molecule in AS1-4 strains: 
the  rate of ectopic transposition of the a intron, the 
rate of recombination, and the relative transmission 
(selection) of  wild-type and deleted molecules in het- 
eroplasmons. 

Presently, because the mp gene (which is the only 
p d  gene  identified) has not yet been  cloned,  the role 
played by the RMP protein (and the other PD proteins) 
is unknown. However, one can propose a simple model 
concerning  the expression of these genes that takes 
into  account  the  reported  data. This model is built on 
three propositions. First, the rmp- and rmp+ alleles are, 
respectively, a  functional and a  mutant (UGA) form 
of the rmp gene.  Second,  the sporadic appearance of 
premature  death in ASI-4 rmp+ strains may be due to 
natural suppression (readthrough) of the UGA mutant 
codon.  Third, escape from premature  death  in  the ASl- 
4 strains can be explained by an inefficient expression 
of one of the pd genes. 

The rmp+ allele is a  mutant form of the rmp 
gene: This assumption relies on two main observations: 
the recessivity  of the m p +  allele and  the  effect  of UGA 
tRNA suppressors. The recessivity of the m p +  allele 
was established by balanced vegetative heterocaryons. 

Recessivity  suggests a loss of function. This is easily  ex- 
plained if the rmp+ allele carries a UGA nonsense muta- 
tion as suggested by suppression data. A bonajde prema- 
ture  death syndrome was systematically triggered in 
ASI-4 rmp+ strains when they bore  the su8-1 suppressor 
demonstrated to be UGA  tRNA suppressor (DEBUCHY 
and BRYGOO 1985). Although translational side effects 
of these mutations  cannot be excluded,  the most simple 
explanation is that  the rmp+ allele carries a UGA non- 
sense mutation. Due to the position of the UGA stop 
codon,  the RMP mutant  protein could be either  non- 
functional or unstable. 

Sporadic  appearance of premature  death in AS14 
rmp+ strains may be due  to readthrough of the rmp+ 
UGA codon: Natural suppression (readthrough) of non- 
sense codons is a well-known  process,  especially docu- 
mented for some  viruses  in  which it is required for synthe- 
sis  of proteins needed in low amounts (ATKINS et al. 1990 
for a review). Readthrough can also cause the leakiness 
of some nonsense mutations. Clearly, natural suppression 
depends both on  the nucleotide context of the codon 
and  on  the minimal  level  of the full-length functional 
protein required for the relevant function (see, as exam- 
ples, KOPCZYNSH et nl. 1992; FEARON et al. 1994). 

The sporadic appearance of premature  death in ASI- 
4 rmp+ cultures means that, from time to time, this 
genotype can show the ASI-4 mnp- phenotype. A likely 
hypothesis is that  readthrough of the m$+ UGA codon 
can occur,  leading to a stochastic production of the 
functional RMP protein  that only  rarely reaches the 
threshold  required to trigger premature  death. If effi- 
cient phenotypic suppression occurs very early, at  the 
time of ascospore germination,  premature  death could 
be triggered in the whole thallus, leading to a bonnjfidt. 
syndrome. Efficient suppression later, in the growing 
mycelium, would result in a local production of the 
functional RMP protein and to a clonal appearance of 
premature  death: only a sector of the thallus would 
show the syndrome. This hypothesis fits well  with our 
analysis  of the AS14 rmp+ lifespan. In fact, comparisons 
of the coefficients of variation obtained from lifespan 
data of the  four genotypes studied in this paper have 
shown that AS1-4 m p +  is distinct from the  three  others. 
Clearly, senescence (ASI+ rmp+ and ASl+ mp-) and 
the bona f ide  premature  death (AS14 mp- ) can be 
explained by a single efficient triggering event leading 
to the accumulation of either senDNAs or the mtDNA 
site-specific deletion. In opposition,  the complex ASl- 
4 m p +  lifespan curves suggest that, in this case, the 
triggering event can occur several  times in  the growing 
mycelium, each time with limited efficiency. Moreover, 
this hypothesis explains another  feature of the ASI-4 
m p +  cultures, namely their  heterogeneous mycelial 
phenotype. In fact, these thalli display sectors with more 
pigmentation, less aerial hyphae and fewer female or- 
gans than  the  surrounding areas. Attempts to maintain 
these states either  through vegetative subcloning or 
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through sexual reproduction always failed, as if they 
were epigenetic states (data  not  shown).  These sectors 
may reveal the stochastic production of the RMP pro- 
tein (through  suppression) at levels  below the thresh- 
old required  for  premature  death  but sufficient to  dis- 
turb metabolism and development. 

Escape  from  premature  death  may  be  due to  ineffi- 
cient  expression  of  a pd gene: The general model (Fig- 
ure 3 )  relies on the assumption that derepression (or 
overexpression) of one or several genes (pd  genes) 
leads to  premature  death.  The consistent prediction is 
that  conditions decreasing the expression of any pd 
gene  should delay or abolish the  appearance of the 
syndrome. Such conditions  should affect both  the ASl- 
4 rmp+ and ASI-4 rmp- strains. It is noteworthy that 
culture  conditions leading to premature  death escape 
in AS1-4 rmp- cultures also cause the disappearance of 
the syndrome in AS1-4 rmp+ cultures. These conditions 
are MR (corn meal extract) medium and M2 (minimal 
synthetic) medium supplemented with either paromo- 
mycin or kasugamycin. We do  not know in which way 
the MR medium (compared to M2 medium) may mod- 
ify gene expression in the cytosolic and (or) the mito- 
chondrial compartments. However,  life spans of  wild- 
type and  mutant strains are clearly increased on this 
medium (SILAR and  PICARD 1994; this paper). As far 
as premature  death is concerned, paromomycin and 
kasugamycin  show the same effects. In presence of these 
drugs, ASI-4 rmp+ has never shown any  sign  of death 
while ASI-4 rmp- can escape premature  death. 

The most  likely explanation of these data is that these 
translational inhibitors lead to a significant decrease in 
the synthesis  of one  or several PD proteins. There are 
two main ways to selectively  slow  down protein produc- 
tion: decrease in initiation rates and processivity  losses 
during  elongation. Because initiation is a critical step 
relying on specific features of the mRNAs (KOZAK 1991; 
ALTMANN and TRACHSEL 1993 for reviews), its sensitivity 
toward antibiotics may differ between  messengers.  Un- 
fortunately, the possible  effects  of the two relevant 
drugs  upon initiation have not  been  documented in 
eucaryotes. However, both  alter translational accuracy 
and thus may lead to processivity  losses  whose extent 
varies from one polypeptide to  the  other (see belo~7). 
Paromomycin has been shown to increase translational 
misreading in the cytosolic and mitochondrial compart- 
ments, at least in S. cermisiae (PALMER et al. 1979; SINGH 
et al. 1979;  DUJARDIN et al. 1984). Phenotypic suppres- 
sion of nuclear mutations by paromomycin has  also 
been  reported in P. ansm‘na (COPPIN-RAYNAL 1981). 
Kasugamycin  acts in the opposite sense, increasing ac- 
curacy, at least in bacteria (VAN  BUL et al. 1984). Indi- 
rect evidence suggests that it may act similarly  in the 
cytosolic compartment  of P. amm’na (KIEU-NGOC and 
COPPIN-RAYNAL 1988). However, to our knowledge, 
there is no report of a possible effect of  kasugamycin in 
the mitochondrial compartment. Although we cannot 

exclude an action of these drugs on the  mitochondria, 
it appears  more sensible to explain their effect upon 
premature  death via the cytosolic compartment. 

Accuracy per se cannot be involved  in the effect of the 
drugs since  they  act  similarly upon premature death, 
while exerting opposite effects on accuracy.  Interestingly, 
both increase and decrease in  translational errors leads 
to the same consequence, namely a loss of processivity 
because  of the failure to complete the synthesis  of a full- 
length version of a protein. In fact, increasing and de- 
creasing  accuracy  modify the tRNA-mRNA-ribosome  in- 
teractions  such that, in both cases, the probability of a 
peptidyl-tRNA dropping off the ribosome-mRNA  com- 
plex during translation is increased (CAPLAN and MEN- 
NINGER 1984; KURLAND 1992 and references therein for 
a review).  Although  these  aspects of translation  have not 
been studied in  eucaryotes, one can easily  assume that 
they  also play a key role  in the efficiency  of gene expres- 
sion in these  organisms. It is thus tempting to imagine 
that one of the PD proteins is long enough to be highly 
sensitive to such processivity  losses.  Paromomycin and 
kasugamycin  would enhance drop-off,  decreasing the 
rate of the relevant  full-length protein below the thresh- 
old required for premature death expression. 

Premature  death  and  other  related  syndromes: 
There  are two main aspects of syndromes related to 
mtDNA deletions: the primary events that cause dele- 
tions and the environmental and genetic parameters 
that lead to a preferential transmission of the  deleted 
molecules at  the expense of the wild-type genomes. In 
many  cases, the primary event is  likely an intramolecu- 
lar recombination event between direct repeats. These 
recombination targets can be  natural repeats, as docu- 
mented in humans (SCHON et al. 1989; MITA et al. 1990) 
and in N. crassa (ALMASAN and MISHRA 1991).  The re- 
peats can also be  created by a transposition event as 
demonstrated in P. anserina (SELLEM et al. 1993). Re- 
cently, PCR experiments have  revealed that such dele- 
tions can occur constitutively at very low  levels in several 
organisms such as humans  (CHEN et al. 1995; MELOV et 
al. 1995), Caenorhabditis eZegans (MELOV et al. 1994) or 
P. ansm‘na (C. SELLEM, personal communication). How- 
ever, diseases appear only if the level of deleted mtDNA 
molecules increases and becomes the major part of the 
mitochondrial genomes in the relevant tissues or organ- 
isms. This can be explained by a continual high-level 
production of the  deleted molecules from the wild-type 
genome and/or by a preferential transmission  of the 
deleted  genome  through cell  divisions. The role played 
by these two parameters in the accumulation of deleted 
mtDNAs remains to be  understood in  most organisms. 

Although the  controls of  mtDNA integrity and trans- 
mission  have been extensively studied in S. cerevisiae, 
there is as yet no explanation for the  spontaneous high- 
level production of rho- (mtDNA deletions) or for  the 
role played by mitochondrial protein synthesis in the 
maintenance of  mtDNA integrity in  this  yeast (EPHRUSSI 
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1953; FAYE et al. 1973; MYERS et al. 1985). The  recent 
discovery that  in  other yeasts, in which rho- mutations 
had never been observed, rho- production can occur 
in particular  nuclear  backgrounds may clarify this prob- 
lem (HAFFTER and FOX 1992; CHEN and CLARK-WALKER 
1993; CHEN et al. 1995). In addition,  the  parameters 
that  control  the relative transmission of rho- and rho+ 
genomes have  also been investigated in S. cerevisiae. 
Clearly  this  relative transmission relies on both  the 
structure of the relevant rho- genome and  the genetic 
background.  In fact, in the wild-type nuclear  context, 
the  preferential transmission of certain rho- variants 
(called hypersuppressives) has been  explained by a 
structural replication advantage of these molecules with 
regard to the rho' genome (BLANC and  DUJON 1980; 
DE ZAMAROCZY et al. 1981). However, recent studies 
have emphasized the role played by nuclear genes in 
these biased transmissions (ZWEIFEL and FANGMAN 
1991;  LOCKSHON et al. 1995). These studies and those 
performed in other eucaryotes easily amenable to ge- 
netic dissection will help to understand similar prob- 
lems encountered in more complex systems. 

Among models alternative to yeasts, filamentous 
fungi occupy an interesting position for two reasons. 
First, they are obligate aerobes and second, they can 
show degenerative processes leading to death  that  are 
linked to major rearrangements of the  mitochondrial 
genome (see GNFFITHS 1992 for  a review). With respect 
to human diseases resulting from mtDNA deletions, 
data from N. crmsa are especially striking. In N. crmsa, 
a  nuclear recessive mutation of the nd (natural  death) 
gene causes cell death  through  deletions of the mtDNA 
(SEIDEL-ROGOL et al. 1989).  These deletions are proba- 
bly due to hyperactivate recombination events between 
direct repeats. Thus,  the nd gene has been assumed to 
play a key role in mtDNA metabolism (BERTRAND et al. 
1993). The P. ansm'na and N. crassa situations are highly 
reminiscent of those found in humans. In fact, human 
patients suffering from a  sporadic  (spontaneous) dis- 
ease show a single mtDNA deletion while in diseases 
associated with a  nuclear  mutation  the affected individ- 
uals harbor multiple mtDNA deletions (see WALLACE 
1992; POULTON 1992; SCHAPIRA 1993 for reviews). In 
all  cases, the mechanisms that  underlie  the expansion 
of the  deleted molecules are still debated.  Cloning of 
the P. anserina rmp and N. crassa nd genes, along with 
the identification of other genes involved in the two 
fungal syndromes, may shed light on the relevant hu- 
man diseases. Indeed,  one can assume that,  although 
the problems are far  more complex in multicellular 
organisms than  in  fungi,  the basic controls of  mtDNA 
integrity and transmission have been conserved 
through evolution. 

We are much indebted to people of our two labs for helpful discus- 
sions during  the  entire course of this work. Dr. DIDIER CONTAMINE 
is gratefully acknowledged for his statistical analysis  of the data. We 
also thank Dr. Y ~ s  BRYGOO for his kind gift of the S strains  carrying 

the P. comata mating types through 10  generational backcrosses and 
for advice about  mapping in the mat region.  Dr. GEORCES RIZET and 
Dr. DENISE MARCOU are acknowledged for their  kind gift of P. ansm'na 
geographical races. This work was supported by Institut  National de 
la Recherche Medicale (grants  no. 890003 and 920111), Association 
Francaise contre les Myopathies, Fondation pour la Recherche Medi- 
cale and Association de Recherche contre le  Cancer. G.L.  was a fellow 
of Association Francaise contre les Myopathies during 2 years. 

LITERATURE CITED 

ALMASAN, A., and N. C. MISHRA, 1991 Recombination by sequence 
repeats with formation of suppressive or residual mitochondrial 
DNA in Neurospora. Proc. Natl. Acad. Sci. USA 88: 7684-7688. 

ALTMANN, M., and H. TRACHSEL, 1993 Regulation of translational 
initiation and modulation of cellular physiology. Trends Bio- 
chem. Sci. 18: 429-432. 

ATKINS, J. F., R.  B. WEISS and R.  F. GESTEIAND, 1990 Ribosome 
gymnastics-degree of difficulty 9.5, style 10.0. Cell 62: 413-423. 

BEADLE, G. W., and V. L. COONRAUT, 1944 Heterocaryosis in Neuros- 
pura rrassa. Genetics 29: 291-308. 

BEL.(:o~JK, L., and 0. BECEI.,  1977 Mitochondrial genes in Poduspura 
amerim. Recombination and linkage. Mol. (;en. Genet. 153 11-21. 

BEICOUR, L., and 0. BECEL, 1980 Lifespan and senescence in Pu- 

Gen. Microb. 1 1 9  505-515. 
dospora ansm'na: effect of mitochondrial genes  and functions. J. 

BELCOUR, L., 0. BEGEL and M. PICARD, 1991 A site-specific deletion 
in mitochondrial DNA of Podospora is under  the  control of nu- 
clear  genes.  Proc. Natl. Acad. Sci. USA 88: 3579-3583. 

BERNET, J., 1965 Mode d'action des genes de "barrage" et  relation 
entre I'incompatibiliti: cellulaire et l'incompatibiliti.  sexuelle 
chez Podospura ansm'na. Ann. Sci. Nat. Bot. 6: 61 1-768. 

BERNET, J., 1988 Podospura growth control  mutations  inhibit apical 
cell anastomosis and protoperithecium  formation. Exp. Mycol. 

BERTRAND, H., Q. Wu and B. L. SEIDEI.-ROGOI., 1993 Hyperactive 
recombination in  the mitochondrial DNA of the natural &ath 
nuclear mutant of Neuruspma rrassn. Mol. Cell. Biol. 13: 6778- 
6788. 

BIANC:, H., and B. D u . ~ N ,  1980 Replicator regions of the yeast mito- 
chondrial DNA responsible for suppressiveness. Proc. Natl. Acad. 
Sci. USA 77: 3942-3946. 

BRYCOO, Y., and R. DEBUCHY, 1985 Transformation by integration 
in Puduspura anser'na. I. Methodology and phenomenology. Mol. 
Gen.  Genet. 200: 128-131. 

CAPIAN, A. B., and J. R. MENNINGER, 1984 Dissociation of peptidyl- 
tRNA from ribosomes is perturbed by streptomycin and by strA 
mutations. Mol. Gen. Genet. 194 534-538. 

CHEN, X. J.,  and G. D. CIARK-WALKER, 1993  Mutations in MGIgenes 
convert Kluyvrromyra lactis into a petite-positive yeast. Genetics 
1 3 3  517-525. 

CIIEN, X. J., and G. D. CIARIGWALKER, 1995 Specific mutations in 
a- and y-subunits of F,-ATPase affect mitochondrial genome in- 
tegrity in the petite-negative yeast Kluyuerumyres lactis. EMBO J. 
14: 3277-3286. 

CHEN, X., R. PROSSER, S. SIMONE'I'I'I, J. SAI)L.OC:K, G. JAGIEI.I.O et al., 
1995 Rearranged  mitochondrial genomes  are present in hrr- 
man oocytes. Am. J.  Hum.  Genet. 57: 239-247. 

COPPIN-RAWAI., E., 1981 Ribosomal suppressors and antisuppres- 
sors in Pudospora ansm'na: altered susceptibility to paromomycin 
and relationships between genetic and phenotypic  suppression. 
Biochem. Genet. 19: 729-740. 

COPPIN, E., S. ARNAISE, V. CONTAMINE and M. PICMU), 1993 Deletion 
of the mating-type sequences in Podospora nnsm'na abolishes mat- 
ing without affecting vegetative functions and sexual differentia- 
tion. Mol. Gen. Genet. 241: 409-414. 

CUMMINGS, D. J., K L. Mc:NAI.I.Y, J. M. DOMENIC:~  and E. T. MATSU- 
LJRA, 1990 The complete DNA sequence of the  mitochondrial 
genome of Pudospora anserina. Curr.  Genet. 17: 375-402. 

D E R L T C : ~ ,  R., andY. BKYMX), 1985 Cloning of opal  suppressor tRNA 
genes of a  filamentous  fungus reveals two tRNAser genes with 
unexpected structural  differences. EMBO J. 4: 3553-3556. 

DERLICXIY, R., and E. COPFIN, 1992 The mating types of P U d U S p U m  

anserina: functional analysis and sequence of the fertilization 
domains. Mol. Gen. Genet. 233: 113-121. 

12: 217-222. 



mtDNA Deletion and Translation 555 

DEBUCHY, R.,  E.  COPPIN-RAYNAL,  D.  LE COZE and Y. BRYGOO, 1988 
Chromosome walking towards a centromere in the  filamentous 
fungus Podospora anserina: cloning of a sequence lethal at a two 
copy state. Curr.  Genet. 13: 105-111. 

DEQUARD-CHABLAT, M., and C. H. SELLEM, 1994 The S12 ribosomal 
protein of Podospora ansa'na belongs  to the S19 bacterial family 
and controls the mitochondrial genome integrity through cyto- 
plasmic translation. J. Biol. Chem. 269: 14951-14956. 

DEQUARD-CHABLAT,  M.,  E.  COPPIN-RAYNAI., M.  PICARD-BENNOUN and 
J.-J. MADJAR, 1986 At least seven ribosomal proteins  are involved 

J. Mol. Biol. 190: 167-175. 
in the  control of translational accuracy in a eucaryotic organism. 

DE ZAMARO~Y, M., R. MAROTTA, G. FAUREGON-FONTY, R. GOURSOT, 
M. MANGIN et al., 1981 The origin of replication of the yeast 
mitochondrial genome  and  the  phenomenon of suppressivity. 
Nature 292: 75-78. 

DUJARUIN, G., P. LUND  and P.  P. SLONIMSKI, 1984 The effect of 
paromomycin and [psi] on  the suppression of mitochondrial 
mutations in Saccharomyces cerevisiae. Curr.  Genet. 9: 21-30. 

DLJ~ON, B., and L. BELCOUR, 1989 Mitochondrial DNA instabilities 
and  rearrangements in yeast and fungi, pp. 861-878 in Mobile 
DNA, edited by  D. E. BERG and M.  M. HOW. American Society 
of Microbiology, Washington, DC. 

EPHRUSSI, B., 1953 Nucleocytoplasmic Relations in Microorganisms. 
Clarendon Press, Oxford. 

ESSER, K., 1974 Podospora anserina, pp. 531 -551 in Handbook of Genet- 
ics, Vol. 1 ,  edited by  R. C. KING. Plenum, New York. 

FAYE, G., H. FUKUHARA, C. GRANDCHAMP, J. LAZOWSKA, F. MICHEI. et al., 
1973 Mitochondrial nucleic acids in the petite colonie mutants: 
deletions and repetitions of genes. Biochimie 55: 779-792. 

FEARON, K., V. MCCLENDON, B. B O N E ~ I  and I). M. BEDWELL, 1994 
Premature translation  termination  mutations are efficiently s u p  
pressed in a highly conserved region of yeast  SteGp, a member 
of the ATP-binding cassette (ABC) tranporter family. J. Biol. 
Chem. 269: 17802-17808. 

GLASS,  N. L., J. GROTELLJESCHEN and R. L. METZENBERG, 1990 Neuros- 
pora  crassa A mating-type region. Proc. Natl. Acad. Sci. USA 87: 
4912-4916. 

GRIFFITHS, A. J. F., 1992 Fungal  senescence. Ann. Rev. Genet. 26: 
351-372. 

HAFFTER, P., and  T. D. FOX, 1992 Nuclear  mutations in  the petite- 
negative yeast Schzzosaccharomycespombe allow growth of cells lack- 
ing  mitochondrial DNA. Genetics 131: 255-260. 

KIEu-NGOC, A,, and E. COPPIN-RAWAL, 1988 Identification of two 
genes  controlling kasugamycin resistance in the filamentous  fun- 
gus Podospora ansm'na. Genet. Res. 51: 179-184. 

K~I.I., F., 0. BEGEL, A,". KELLER, C. VIERNY and L. BELCOUR, 1984 
Ethidium bromide rejuvenation of senescent  cultures of Pe 
dospora ansa'na: loss of senescence-specific DNA and recovery of 
normal  mitochondrial DNA. Curr.  Genet. 8: 127-134. 

KOPCZM\TSKI, J. B.,  A. C. RAFF and J. J. BONNER, 1992 Translational 
readthrough  at  nonsense mutations in the HSFl gene of Sacchare 
myces  cereuisiae. Mol. Gen.  Genet. 234 369-378. 

KOZAK, M., 1991 Structural  features in eucaryotic mRNAs that mod- 
ulate the initiation of translation. J. Biol. Chem. 266: 19867- 
19870. 

KUENEN, R., 1962 Crossover- und  Chromatid  Interferenz bei Pe 
dospora anserina. (Ces.)  Rhem. Z. Vererbungsl. 93: 66-108. 

KURIAND, C. G., 1992 Translational accuracy and  the fitness of bac- 
teria.  Ann. Rev. Genet. 26: 29-50. 

LECELLIER, G., and P. SILAR, 1994 Rapid methods  for nucleic acids 
extraction from Petri dish-growth mycelia. Curr.  Genet. 25: 122- 
123. 

LOCKSHON,  D., S. G. ZWEIFEL, L.  L. FREEMANCOOK, H. E.  LORIMER, B. 
J. BREWER et al., 1995 A role for recombination junctions in the 
segregation of mitochondrial DNA in yeast.  Cell 81: 947-955. 

MARCOU, D., 1961 Notion de IongCvitP et  nature cytoplasmique du 
determinant  de la senescence  chez quelques  champignons.  Ann. 
sci. Nat. Bot. 11: 653-764. 

MARCOU, D., A.  MASSON, J.-M. SIMONET and G. PIQUEPAILLE, 1979 
Evidence for  non-random spatial distribution  of  meiotic ex- 
changes in Podospma ansa'na: comparison between linkage 
groups 1 and 6. Mol. Gen.  Genet. 176: 67-79. 

MARCOU, D., M.  PICARE-BENNOUN and J. M. SIMONET, 1980 Po- 

dospora amerina, pp. 151-159 in Genetics Maps, edited by S. J. 0. 
BRIEN. National  Institutes of Health, Bethesda, MD. 

MELOV, S., G. Z. HERTZ, G. D. STORMO and  T. E. JOHNSON, 1994 
Detection of deletions in  the mitochondrial genome of C m o -  
rhabditis elegans. Nucleic Acids  Res. 22: 1075-1078. 

MELOV, S., J. M. SHOFFNER, A. KAUFMAN and D. C. WAI.IACE, 1995 
Marked  increase in the  number  and variety of  mitochondrial 
DNA rearrangements in aging human skeletal muscle. Nucleic 
Acids Res. 2 3  4122-4126. 

MITA, S., R. RIZZUTO, C. T. MORAES, S. SHANSKE, E. ARNAUDO et al., 
1990 Recombination via flanking direct repeats is a  major cause 
of large-scale deletions of human mitochondrial DNA. Nucleic 
Acids  Res. 18: 561-567. 

MYERS, A. M., L. K. PAPE and A. TZAGOLOFF, 1985 Mitochondrial 
protein synthesis is required  for  maintenance of intact  mitochon- 
drial genomes in Saccharomyces cerevzsiae. EMBO J. 4 2087-2092. 

PALMER,  E., J. M. WILHELM and F. SHERMAN, 1979 Phenotypic s u p  
pression of nonsense mutants in yeast by aminoglycoside antibi- 
otics. Nature 277: 148-149. 

PICARD, M., 1973 Genetic evidence for  a polycistronic unit of tmnxrip 
tion  in the complex locus "14" in Podospora amm'na. 11. Genetic 
analysis  of informational suppressors. Genet. Res. 21: 1-15. 

PICARD-BENNOUN,  M., 1976 Genetic evidence for ribosomal antisup- 
pressors in Podospora anserina. Mol. Gen. Genet. 147: 299-306. 

PICARD, M., R. DEBUC:HY and E. COPPIN, 1991 Cloning the mating 
types  of the heterothallic fungus Podospora ansm'na: develop- 
mental  features of haploid  transformants  carrying both mating 
types. Genetics 128: 539-547. 

POULrON, J., 1992 Mitochondrial DNA and genetic disease. BioEs- 
says 14: 763-768. 

RIZET, G., 1952 Les phPnomenes  de barrage  chez Podospora anserina. 
I. Analyse gCnPtique des barrages entre souche S et s. Rev. Cytol. 
Biol. Veg. 13: 51-92. 

RIZET, G., 1953 Sur la IongPvitC des souches de Podospora anserina. 
C.  R. Acad. Sci. 237: 1106-1109. 

RIZET, G., and C. ENGELMANN, 1949 Contribution i 1'Ctude gCn- 
etique  d'un ascomycete tetraspore: Podospora ansm'na (Ces) 
Rehm. Rev. Cytol. Biol. Veg. 11: 201-304. 

RIZET, G., and K. ESSER, 1953 Sur les phenomenes d'incompatibilitk 
entre souches d'origine  geographique diffkrente  chez P. anse- 
n'na. C. R. Acad. Sci. 237: 760-762. 

SAINSARD-CHANET, A,, 0. BEGEI. and L. BELCOUR, 1993 DNA dele- 
tion of mitochondrial introns is correlated with the process of 
senescence in Podospora anserina. J. Mol.  Biol. 234: 1-7. 

SCHApIM, A. H. V., 1993 Mitochondrial  disorders. Curr. Biol. 3: 
457-465. 

SCHON, E.  A.,  R. RIZZUTO, C. T. MOMS, H. NAKASE, M. Z E W I  et 
aZ., 1989 A direct  repeat is a hotspot  for large-scale deletion of 
human mitochondrial DNA. Science 244: 346-349. 

SEIDEL-ROGOL, B. L., J. KING and  H. BERTRAND, 1989 Unstable mito- 
chondrial DNA in natural-death nuclear mutants of Neurospora 
crassa. Mol. Cell. Biol. 9: 4259-4264. 

SELLEM, C. H., G. LECELLIER and L. BELCOUR, 1993 Transposition 
o f a  group I1 intron. Nature 366: 176-178. 

SI-, P., and M. PICXRD, 1994 Increased longevity of EF-la high- 
fidelity mutants in Podospora ansa'na. J. Mol. Biol. 235: 231-236. 

SINGH, A.,  D. URSIC and J. DAVIES, 1979 Phenotypic  suppression 
and misreading in Saccharomyces  rerevisiae. Nature 277: 146-148. 

SOW., R. R., and F. J. ROHI.F, 1969 The principles and practice of 
statistics in biological research, pp. 62-63 in Biomet?, edited by 
R. EMERSON, D. KENNEDY, R.  B. PARK, G. W. BEADLE and D. M. 
WHITAKER. Freeman and Company, San Francisco. 

STABEN, C., and C .  YANOFSKY, 1990 Neurospora crassa a mating-type 
region. Proc. Natl. Acad. Sci. USA 87: 4917-4921. 

VAN BUL, C. P. J. J., W. VISSER and P. M. VAN KNIPPENBERG, 1984 
Increased  translational fidelity caused by the  antibiotic kasuga- 

A gene. FEBS Lett. 177: 119-124. 
mycin and ribosomal ambiguity in mutants harbouring  the ksg 

WALIACE, D. C., 1992 Diseases of the mitochondrial DNA. Ann. 
Rev. Biochem. 61: 1175-1212. 

WII.COXON, F., 1945 Individual comparisons by ranking methods. 
Biometrics 1: 80-83. 

ZWEIFEL, S. G., and W.  L. FANGMAN, 1991 A  nuclear mutation re- 
versing a biased transmission of yeast mitochondrial DNA. Genet- 
ics 128: 241-249. 

Corresponding  author: P. J. PUKKIIA 


